The ptp gene of Acinetobacter johnsonii was previously reported to encode a low-molecular-mass protein, Ptp, whose amino acid sequence, predicted from the theoretical analysis of the nucleotide sequence of the gene, exhibits a high degree of similarity with those of different eukaryotic and prokaryotic phosphotyrosine-protein phophatases. We have now overexpressed the ptp gene in Escherichia coli cells, puri®ed the Ptp protein to homogeneity by a single-step chromatographic procedure, and analysed its functional properties. We have shown that Ptp can catalyse the dephosphorylation of p-nitrophenyl phosphate and phosphotyrosine, but has no effect on phosphoserine or phosphothreonine. Its activity is blocked by ammonium molybdate and sodium orthovanadate, which are strong inhibitors of phosphotyrosine-protein phosphatases, as well as by N-ethylmaleimide and iodoacetic acid. Such speci®city of Ptp for phosphotyrosine has been con®rmed by the observation that it can dephosphorylate endogenous proteins phosphorylated on tyrosine, but not proteins modi®ed on either serine or threonine. In addition, Ptp has been shown to quantitatively dephosphorylate two exogenous peptides, derived respectively from leech hirudin and human gastrin, previously phosphorylated on tyrosine. Moreover, site-directed mutagenesis experiments performed on Cys11 and Arg16, which are both present in the sequence motif (H/V)C(X 5 )R(S/T) typical of eukaryotic phosphotyrosineprotein phosphatases, have demonstrated that each amino acid residue is essential for the catalytic activity of Ptp. Taken together, these data provide evidence that Ptp is a member of the phosphotyrosine-protein phosphatase family. Furthermore, in search for the biological function of Ptp, we have found that it can speci®cally dephosphorylate an endogenous protein kinase, termed Ptk, which is known to autophosphorylate at multiple tyrosine residues in the inner membrane of Acinetobacter johnsonii cells. This represents the ®rst identi®cation of a protein substrate for a bacterial phosphotyrosine-protein phosphatase, and therefore constitutes a possible model for analysing the role of reversible phosphorylation on tyrosine in the regulation of microbial physiology.
Introduction
Protein phosphorylation on tyrosine has long been considered a modi®cation speci®c to eukaryotes. In these organisms, the phosphorylation/ dephosphorylation process catalysed by the two opposing enzymatic activities, protein tyrosine kinase and phosphotyrosine-protein phosphatase (PTPase), is known to play a key role in a series of important biological functions including signal transduction, growth control, metabolism and malignant transformation (Fantl et al., 1993; Hunter, 1995) .
In prokaryotes, the presence of protein tyrosine kinase activities has been suggested by the ®nding of phosphotyrosine originally in the proteins of Escherichia coli (Cortay et al., 1986) and, since then, in the proteins of several other bacterial species (Cozzone, 1993 (Cozzone, , 1997 . Also, the occurrence of phosphotyrosine-protein phosphatases has been recently reported in a few examples including: (i) the IphP protein from the cyanobacterium Nostoc commune UTEX 584 which displays signi®cant similarity with vaccinia virus VH1 PTPase and belongs to the dual-speci®city protein-phosphatase family capable of dephosphorylating phosphotyrosine, phosphothreonine and phosphoserine (Howell et al., 1996) ; (ii) the YopH protein from Yersinia pseudotuberculosis, an extracellular protein, encoded by a plasmid gene, which is able to dephosphorylate host phosphotyrosine proteins (Guan & Dixon, 1990; Bliska et al., 1991) ; (iii) the PtpA protein from Streptomyces coelicolor which is, in fact, the ®rst example of a low relative molecular mass (low-M r ) PTPase in bacteria (Li & Strohl, 1996) . However, the biological signi®cance of these phosphatases remains unclear and, namely, no evidence has been provided so far for their possible involvement in a physiological regulation process based on protein phosphorylation/dephosphorylation, essentially because no endogenous protein substrate for these enzymes has been yet identi®ed.
Here, the functional properties of another bacterial phosphotyrosine-protein phosphatase, the Ptp protein from Acinetobacter johnsonii, have been analysed. This phosphatase has been overproduced from the ptp gene, puri®ed to homogeneity, and checked for its capacity to dephosphorylate both synthetic and natural substrates containing phosphotyrosine residues. In particular, the endogenous phosphoprotein Ptk, a protein kinase previously shown to undergo autophosphorylation on multiple tyrosine sites (Duclos et al., 1996) , was found to be a speci®c substrate for Ptp. This observation represents the ®rst example of a known bacterial phosphoprotein sensitive to dephosphorylation by a phosphotyrosine-protein phosphatase, which provides an interesting system for investigating the role of reversible phosphorylation on tyrosine in bacterial physiology.
Results

Overproduction and purification of Ptp
In a ®rst series of experiments, an attempt was made to overproduce the Ptp protein from A. johnsonii by using the expression vector pQE30 from E. coli. The ptp gene lacking the start codon ATG was synthesized by PCR, and cloned in pQE30 previously digested with BamHI and KpnI restriction enzymes. The resulting plasmid, termed pQE30-ptp, was able to encode a fusion protein consisting of the entire Ptp and 11 extra amino acids, including six histidine residues, at its Nterminal end (Figure 1 ). This plasmid was used to transform competent cells from the M15(pREP4) strain of E. coli. Upon induction with 0.5 mM IPTG, a high level of a 18 kDa protein , consistent with the calculated molecular mass of the fusion protein, was obtained. However, over 90% of this fusion protein was present in inclusion bodies, and no better solubilization could be obtained even by varying the different conditions of induction (e.g. temperature, IPTG concentration), such aggregation being likely due to the relatively high hydrophobicity of Ptp. Therefore, to overcome this problem and avoid the necessity of a denaturation/renaturation procedure for preparing Ptp, another strain of E. coli, the BL21(pREP4-groESL) strain that overproduces the two chaperone proteins GroES and GroEL, was used. In this strain, an ef®cient overexpression of the 6His-Ptp protein was obtained and 90% of the recombinant protein was then present in the soluble fraction (Figure 2) . The 6His-Ptp fusion protein was puri®ed to homogeneity in a single-step chromatographic procedure using a Zn 2 -immobilized matrix for puri®-cation of His-tagged proteins (Figure 2 ). In these conditions, about 1 mg of pure protein was obtained from 100 ml of bacterial culture.
Enzymatic activity of Ptp
Previous analysis of the amino acid sequence of Ptp deduced from the nucleotide sequence of the ptp gene (EMBL accession number Y15162) had revealed a high similarity with eukaryotic low-M r acid phosphatases (Grangeasse et al., 1997) . For instance, Ptp displays 31% identity to bovine heart phosphatase and 27% identity to Schizosaccharomyces pombe phosphatase (Figure 3 ). On this basis it was of interest to analyse the enzymatic activity of the Ptp fusion protein with regard to dephosphorylatable substrates. First, its phosphatase activity was assayed for its ability to cleave p-nitrophenyl phosphate (PNPP). It was observed that the protein could ef®ciently hydrolyse this synthetic substrate at an optimum pH value of 6.5. The kinetic constants, K m and V max , measured at 37 C, were 5 mM and 9.75 mmol/min per mg, respectively.
Further experiments were performed by measuring the in vitro activity of Ptp on individual phosphorylated amino acids. Ptp was shown to quantitatively release inorganic phosphate from phosphotyrosine but had no effect on either phosphoserine or phosphothreonine. The kinetic constants, K m and V max , measured in the case of phosphotyrosine were respectively 30 mM and 14.45 mmol/min per mg. These values are in the same range as those previously reported for bovine heart phosphatase (Zhang et al., 1995) . The strict speci®city of Ptp for phosphotyrosine was con®rmed by analysing the effect of various molecules known to speci®cally inhibit PTPases. Thus, ammonium molybdate, sodium orthovanadate, as well as N-ethylmaleimide and iodoacetic acid, were all found to strongly inhibit the phosphatase activity of Ptp (Figure 4 ). More precisely, the inhibitor concentrations required for blocking by 50% the enzyme activity, as measured by using PNPP as substrate, were 150 mM ammonium molybdate, 35 mM sodium orthovanadate, 0.4 mM N-ethylmaleimide and 2 mM iodoacetic acid. These values are consistent with those previously measured for eukaryotic PTPases (Zhang & Van Etten, 1990; Pot & Dixon, 1992) .
The functional similarity of Ptp with eukaryotic low-M r PTPases was further demonstrated by carrying out site-directed mutagenesis experiments. The N-terminal region of eukaryotic PTPases is known to contain a cysteine and an arginine residue that are essential for the enzyme activity and belong to the PTPase signature motif (H/V) C(X5)R(S/T) (Zhang et al., 1995) . In order to assess the involvement of cysteine-10 and arginine-16 in the activity of Ptp, two conservative mutant proteins, 6His-PtpC10 S and 6His-PtpR16 K, were generated by mutagenesis of the ptp gene, then puri®ed and assayed for their phosphatase activity on PNPP. Each of these two conservative mutations, respectively Cys10 3 Ser10 and Arg16 3 Lys16, resulted in a complete loss of the enzyme activity of Ptp, which indicates that the Bacterial Phosphotyrosine-protein Phosphatase bacterial protein utilizes the same catalytic mechanism as eukaryotic PTPases.
Moreover, the phosphatase activity of Ptp toward known exogenous peptide substrates was analysed. For this, Ptp was incubated with each of two peptides previously phosphorylated on tyrosine residues: ®rst, the 57 to 63 fragment of hirudin, an anticoagulant protein of leech saliva (Donella-Deana et al., 1991) ; second, the 1 to 17 fragment of the human hormone gastrin (Baldwin et al., 1983) . In both cases, Ptp was shown to catalyse the quantitative release of phosphate from phosphotyrosine, which provides additional evidence for its substrate speci®city.
Endogenous substrate for Ptp
The possibility that Ptp could dephosphorylate endogenous proteins was tested, especially because no endogenous substrate for any bacterial PTPase had been described so far and no biological function for bacterial PTPases had been proposed.
A crude extract was prepared from A. johnsonii cells and incubated with [g-32 P]ATP. Two proteins, with a molecular mass of respectively 87 kDa and 82 kDa, were phosphorylated in the presence of Mg 2 , and two proteins, with a molecular mass of respectively 82 kDa and 61 kDa, were detected when incubation was performed in the presence of Mn 2 ( Figure 5(A) ). The two-dimensional analysis of the phosphoamino acids of each of these three proteins showed that the 87 kDa protein was phosphorylated on threonine, the 82 kDa protein was modi®ed exclusively on tyrosine, whereas the 61 kDa protein was labelled only on serine ( Figure 5(B) ). These different proteins were then used as substrates for checking the activity of Ptp. It was observed ( Figure 5(C) ) that Ptp was active essentially on the 82 kDa protein, which shows, on the ®rst hand, that this PTPase exhibits a strict substrate speci®city for tyrosine residues and, on the other hand, that it can recognize an endogenous substrate in A. johnsonii. The dephosphorylation of the 82 kDa protein was however incomplete, probably due to the fact that the assay was performed in a crude cellular extract containing a residual amount of radioactive ATP capable of continuously rephosphorylating Ptk. To avoid such possible interference in labelling, the 82 kDa protein was ®rst puri®ed, then radioactively labelled as previously described (Duclos et al., 1996) , and incubated in the presence of Ptp. The results presented in Figure 6 clearly indicate that, in these conditions, the protein was extensively dephosphorylated by Ptp. In contrast, when it was incubated with the mutant tyrosine phosphatase prepared from the 6His-PtpC10 S strain, a low dephosphorylating activity, if any, was observed (Figure 6 ), as expected for a phosphatase mutated in its active site. A strong inhibition of the dephosphorylation reaction also occurred when the wild-type phosphatase was incubated in the presence of N-ethylmaleimide, a potent sulphhydryl-directed inhibitor of tyrosine phosphatases (Pot et al., 1991; Pot & Dixon, 1992) .
The 82 kDa protein had been previously characterized and shown to autophosphorylate on tyrosine residues (Duclos et al., 1996) . The present data bring evidence that Ptp can use it as a substrate.
Discussion
The ptp gene was previously isolated from A. johnsonii (Grangeasse et al., 1997) . The deduced amino acid sequence showed signi®cant structural homology with low-M r phosphotyrosine phosphatases present in eukaryotic cells. In bacteria, a number of genes encoding proteins similar to these enzymes have been recently sequenced (Figure 7(A) ). However, none of these prokaryotic proteins has proven to exhibit PTPase activity, except the PtpA protein of S. coelicolor (Li & Strohl, 1996; Unemaya et al., 1996) . Here, we bring evidence that the product of the ptp gene of A. johnsonii , the Ptp protein, exhibits a series of functional properties that are typical of PTPases. First, Ptp is able to actively dephosphorylate phosphotyrosine molecules but has no effect on phosphoserine or phosphothreonine. Such strict substrate speci®city of Ptp for phosphotyrosine is similar to that of PtpA, the low-M r PTPase recently characterized in S. coelicolor. This seems to be also a general property of low-M r PTPases of eukaryotic cells, even though Zhang et al. (1995) have observed that phosphoserine can be used as substrate by the yeast Schizosaccharomyces pombe and bovine low M r PTPases. But, in this case, the rate of hydrolysis is 200-fold slower than that measured for phosphotyrosine. In addition, we have shown that cysteine-11 and arginine-16 of Ptp are essential for enzymatic activity. These two amino acids are highly conserved in mammalian PTPases, where the invariant cysteine appears to be essential for the formation of covalent cysteinyl phosphoenzyme intermediate, and the arginine plays a key role in substrate binding and transition-state stabilization (Chiarugi et al., 1992; Cirri et al., 1993) . Our results suggest that Ptp is using the same catalytic mech- 4) . The phosphoproteins were incubated in a dephosphorylation buffer at 37 C for 30 minutes either in the absence (lanes 1 and 3) or in the presence of 0.1 mg of puri®ed Ptp (lanes 2 and 4). Analysis of phosphoproteins was performed by polyacrylamide gel electrophoresis. Gels were soaked in 16% TCA and radioactive bands were revealed after overnight exposure. The positions of molecular mass standards are indicated. Labelled phosphoproteins are shown by arrows (a, b, c). (B) Analysis of the phosphoamino acid content of the 87 kDa (a), 82 kDa (b), and 61 kDa (c) proteins. The three proteins present in lanes 1 and 3 of (A) were transferred to a membrane of polyvinylidene¯uoride, excised, and hydrolysed in 6 M HCl for one hour at 110 C. The acid stable phosphoamino acids thus liberated were separated by electrophoresis in the ®rst dimension and ascending chromatography in the second dimension. After migration, radioactive amino acids were detected by autoradiography. Samples of non-radioactive phosphoserine, phosphothreonine and phosphotyrosine were run in parallel and visualized by staining with ninhydrin. (C) Quantitation of dephosphorylation. Proteins a, b, c shown on lanes 1 to 4 of (A) were excised, and the radioactivity contained in each band was counted in a liquid scintillation spectrometer. The amount of radioactivity measured after treatment () with Ptp, was expressed as a percentage of the amount measured in the absence (À) of phosphatase, taken as 100%. Bacterial Phosphotyrosine-protein Phosphatase anism as eukaryotic enzymes. PTPases from bacteria, yeast, and mammals have a very similar structure, which may indicate that they have similar biological functions. However, in eukaryotes, contrary to other classes of tyrosine phosphatases which are known to participate in signal transduction, no precise function has been described yet for low-M r phosphatases (Fauman & Saper, 1996) . Similarly, in bacteria, the biological function of PtpA in S. coelicolor is still unknown. In this context, the fact that we have now identi®ed, for the ®rst time, an endogenous substrate for Ptp is of particular interest. This substrate is a 82 kDa protein kinase, encoded by the ptk gene, which has been previously shown to autophosphorylate on tyrosine residues (Duclos et al., 1996) . Interestingly, the ptp gene encoding the phosphatase of A. johnsonii is located immediately upstream of the ptk gene encoding the kinase (Grangeasse et al., 1997) , which suggests a coordinate expression of these two genes and, consequently a regulated production of the corresponding enzymes. In addition, it seems that ptp and ptk are part of a cluster including other genes located upstream of ptp, since by analysing the nucleotide sequence that precedes the initiation codon of ptp neither ribosome-binding site nor À35/ À 10 consensus sequences of transcription promoter were detected (Grangeasse et al., 1997) . As shown in Figure 7 (B), a similar situation is encountered in several bacterial species including Erwinia amylovora (Bugert & Geider, 1995) , Pseudomonas solanacearum (Huang & Schell, 1995) , Klebsiella pneumoniae (Arakawa et al., 1995) and E. coli (Stevenson et al., 1996) . In each case, a gene whose nucleotide sequence is similar to that of ptp, is followed, immediately downstream, by a gene encoding a protein with a molecular mass of about 80 kDa whose amino acid sequence closely resembles that of Ptk. However, no evidence has been provided so far that these ptp-like genes actually encode a PTPase activity. The only example suggesting an acid phosphatase activity concerns the product of the amsI gene of E. amylovora analysed by Bugert & Geider (1997) , but the authors did not report any tyrosine substrate speci®city for this protein. It would be interesting to check whether the AmsI protein would dephosphorylate the 80-kDa protein AmsA produced by the amsA gene located next to amsI. In this respect it would also be wise to determine whether the 85-kDa membrane-bound protein which is phosphorylated on tyrosine in P. solanacearum (Atkinson et al., 1992) can be dephosphorylated by EpsP, a PTPase- Comparison of the genetic organization of the ptp/ptk cluster of A. johnsonii with those of the eps region of P. solanacearum, the wca region of E. coli, the ams region of E. amylovora, and the ORF5/ORF6 region in the cps operon of K. pneumoniae.
like protein present in this bacterium (Huang & Schell, 1995) . More generally, it would be of interest to check for the presence, in these different bacterial species, of two opposing enzymatic activities similar to those we have identi®ed in A. johnsonii.
Finally, it is noteworthy that all these proteins that resemble Ptp and Ptk have been shown to participate in both the production and the transport of exopolysaccharides (Huang & Schell, 1995; Stevenson et al., 1996; Bugert & Geider, 1995; Arakawa et al., 1995) . Therefore it can be expected that Ptp and Ptk are also involved in these two processes. In addition, the present data indicate that the functioning of the phosphorylatable kinase Ptk might be regulated by the dephosphorylating activity of Ptp. It has been largely demonstrated that cell surface polysaccharides play a critical role in the interaction of bacteria with their environment, namely with other types of cells, and for this reason they are considered important virulence factors (Roberts, 1996) . Our results suggest that virulence could be regulated by a phosphorylation/ dephosphorylation process in response to an exogenous or intracellular signal to be determined. Further experiments are now required to assess the relationship between pathogenicity of bacteria and reversible tyrosine phosphorylation. The possible involvement of this protein modi®cation in other cellular processes, such as the bacterial life cycle or the synthesis of cell wall, should be also tested.
Materials and Methods
Bacterial strains and plasmids
Acinetobacter johnsonii was obtained from A. M. Gounot (University of Lyon). Escherichia coli XL1-Blue strain was used to propagate plasmids in cloning experiments. Escherichia coli BL21 (pREP4-groESL), used for pQE30 expression experiments, has been described by Amrein et al. (1995) ; it was a gift from I. MartinVerstraete (Pasteur Institute, Paris). Plasmid vector pQE30 was purchased from Qiagen.
Culture media and growth conditions
A. johnsonii and E. coli strains were grown in LB medium at 30 C and 37 C, respectively. In the case of strains carrying drug resistance genes, the antibiotics kanamycin, ampicillin or tetracycline, were added to the medium at a concentration of 25 mg/ml, 50 mg/ml, and 25 mg/ml, respectively. Growth was monitored by measuring the absorbance at 600 nm.
DNA manipulations
Small and large-scale plasmid isolations were carried out by the alkaline lysis method, and plasmids were puri®ed by using caesium chloride-ethidium bromide gradients (Ish-Horowicz & Burke, 1981) . All restriction enzymes, calf intestine phosphatase , T4 DNA ligase and T4 polynucleotide kinase, were used as recommended by the manufacturer (Promega). Transformation of E. coli cells was performed by the method of Dagert & Erhlich (1979) .
Construction of the ptp expression plasmid
A pUC19 vector carrying a 5 kb chromosomal fragment from A. johnsonii containing the ptp gene was used (Grangeasse et al., 1997) . This plasmid served as template in PCR ampli®cation for preparing the ptp gene with appropriate restriction sites at both ends. The sequences of the two primers were 5
H -TATGGATCCCAGTT-CAAAAATATTTTGGTC-3
H at the N terminus (the BamHI site is italicized; the second codon of ptp is underlined) and 5
H -CGGGGTACCTTAAATATGTTTAGTC-CAATCTGC-3
H at the C terminus (the KpnI site is italicized; the stop codon of ptp is underlined). The ampli®ed fragment was digested with BamHI and KpnI restriction enzymes, and ligated into the pQE30 vector, opened with the same enzymes, to yield plasmid pQE30-ptp. The nucleotide sequence of the synthesized ptp gene was checked by sequencing as described by Sanger et al. (1977) .
Purification of Ptp
E. coli BL21(pREP4-groESL) cells were transformed with plasmid pQE30-ptp. Cells from this strain were used to inoculate 100 ml of LB medium supplemented with ampicillin and kanamycin, and were incubated at 37 C under shaking until A 600 reached 0.7. Isopropylb,D-thiogalactopyranoside (IPTG) was then added at a ®nal concentration of 0.5 mM, and growth was continued for two hours at 20 C under shaking. Cells were harvested by centrifugation at 3000 g for ten minutes and suspended in 1 ml of buffer A (50 mM Tris-HCl (pH 7.4), 500 mM NaCl, 10% (v/v) glycerol) containing deoxyribonuclease I and ribonuclease A at a ®nal concentration of 2 mg/ml each. Cells were disrupted in a French pressure cell at 16,000 psi. The resulting suspension was centrifugated at 4 C for 30 minutes at 30,000 g. The supernatant was diluted twice and loaded onto a Zn 2 -immobilized matrix (Boehringer), suitable for puri®cation of fusion proteins carrying a poly-histidine tag. The column was washed ®rst with buffer A, then with 50 mM imidazole in the same buffer for ®ve minutes. Protein elution was monitored at 280 nm and eluted fractions were analysed by gel electrophoresis (Laemmli, 1970) . His-tagged Ptp was eluted at a concentration of 150 mM imidazole. Fractions containing the puri®ed Ptp were applied to a Hi.Trap TM desalting column (Pharmacia) and stored in a buffer made of 50 mM Tris-HCl (pH 7.4), 100 mM NaCl, 1 mM EDTA, 20% glycerol and 5 mM dithiotreitol (DTT) at À20 C.
Phosphatase assays
Acid phosphatase activity was monitored at 37 C by using a continuous method based on the detection of p-nitrophenol (PNP) formed from p-nitrophenyl phosphate (PNPP). Rates were determined at 405 nm in a reaction buffer containing 100 mM sodium citrate (pH 6.5), 1 mM EDTA, and PNPP at a concentration varying from 0.5 to 40 mM. The amount of PNP released was estimated by using a molar extinction coef®cient e 405 of 18,000 M À1 .cm À1 (Cirri et al., 1993) . The assay was optimized with respect to protein concentration, time, and pH.
Phosphotyrosine phosphatase activity was assayed at 37 C in a 50 ml reaction volume containing 1 to 75 mM O-phosphotyrosine as substrate, 1 mM EDTA, 100 mM sodium citrate (pH 6.5), and 1 mg of puri®ed Ptp. After 15 minutes of incubation, the reaction was stopped by Bacterial Phosphotyrosine-protein Phosphatase adding 150 ml of 25% trichloroacetic acid (TCA), then 50 ml of bovine serum albumin (10 mg/ml). The precipitated protein was removed by centrifugation, and the supernatant was used for measurement of released inorganic phosphate by using one vol. of a mixture containing 1.2 M sulphuric acid, 0.5% ammonium molybdate, and 2% ascorbic acid. Samples were heated at 56 C for 15 minutes and the absorbance was measured at 750 nm (Chen et al., 1956; Mustelin et al., 1989) .
Another assay for testing phosphotyrosine phosphatase activity was based on the utilization of the nonradioactive tyrosine phosphatase immunochemical assay kit provided by Boehringer Co. (Mannheim, Germany). The substrates were two synthetic oligopeptides, each containing one phosphotyrosine residue, corresponding respectively to the 53 to 65 C-terminal fragment of hirudin (Donella-Deana et al., 1991) and to the 1 to 17 N-terminal fragment of human gastrin (Baldwin et al., 1983) .
Phosphoprotein dephosphorylation assays
A crude extract was prepared from A. johnsonii cells as previously described (Duclos et al., 1996) , and dialysed against 25 mM Tris-HCl (pH 7.0), 5 mM MgCl 2 , 1 mM DTT, 1 mM EDTA, 1 mM phenylmethylsulphonyl uoride (PMSF). In vitro phosphorylation of about 5 mg of protein was performed at 30 C in 10 ml of buffer B containing 25 mM Tris-HCl (pH 7.0), 1 mM DTT, 5 mM MgCl 2 or 5 mM MnCl 2 , 1 mM EDTA, and 200 mCi/ml [g-32 P]ATP. Dephosphorylation of phosphoproteins was carried out with 0.1 mg of puri®ed Ptp, at 37 C for 30 minutes in 30 ml of buffer C consisting of 100 mM sodium citrate (pH 6.5) and 1 mM EDTA. The reaction was stopped by addition of an equal volume of 2 Â sample buffer, and the mixture was heated at 100 C for ®ve minutes. One-dimensional gel electrophoresis was performed as described by Laemmli (1970) . After electrophoresis, gels were soaked in 16% TCA for ten minutes at 90 C. They were stained with Coomassie blue, and radioactive proteins were visualized after autoradiography. The phosphoamino acids present in labelled proteins were characterized by two-dimensional analysis as previously described (Duclos et al., 1991) .
Inner membrane vesicles containing the Ptk protein were prepared by osmotic lysis (Dokter et al., 1987 ). The Ptk protein was then solubilized and puri®ed by immunochromatography (Duclos et al., 1996) . 0.1 mg of puri®ed Ptk was phosphorylated in vitro in 10 ml of buffer B, and dephosphorylation was analysed for a time period varying from ®ve to 30 minutes in buffer C, as described above, either in the presence of wild-type Ptp with or without 0.4 mM N-ethylmaleimide, or in the presence of C10 S mutant Ptp. The Ptk protein was separated by gel electrophoresis, treated with TCA and analysed by autoradiography. The radioactive bands were excised and their radioactitvity was counted in a liquid scintillation spectrometer.
